A field method is reported for the speciation of arsenic in water samples that is simple, rapid, safe to use beyond laboratory environments and cost effective. The method utilises solid phase extraction cartridges (SPE) in series for selective retention of arsenic species, followed by elution and measurement of eluted fractions by inductively coupled plasma mass spectrometry (ICP-MS) for 'total' arsenic. The method is suitable for on-site separation and preservation of arsenic species from water. Mean percentage accuracies (n = 25) for synthetic solutions containing 10 µg l 
Introduction
Arsenic has been documented to be ubiquitous in the environment in all regions of the world. There is an abundance of evidence for the toxicological effects of arsenic in drinking water (WHO, 2001; IARC, 2004; Rahman et al., 2009) . The improvements in the ability to quantitatively measure arsenic and the concerns and greater understanding relating to exposure effects on human health led to the lowering of recommended and regulatory limits for arsenic in drinking water from 50 to 10 µg l -1 in 1993 (WHO, 1993) . Human health effects due to arsenic toxicity are often characterised by skin lesions observed as melanosis and keratosis. Chronic arsenic exposure can have neurological, cardiovascular, respiratory effects, or cause skin, bladder and lung cancer (WHO, 2001; Karagas et al., 2002; Rahman et al., 2009 ).
Knowledge of the speciation of arsenic in natural water is important since the toxicity, mobility and adsorptivity of arsenic is dependent upon its chemical form. Redox conditions primarily govern the dissolved arsenic speciation, with inorganic arsenic being the dominant form. Monomethylarsonic acid (MA) and dimethylarsinic acid (DMA) have commonly been measured at lower levels in surface and groundwaters (Hwang and Jiang, 1994; Palacios et al., 1997; Roig-Navarro et al, 2001; Garbarino et al., 2002; IAEA, 2002; Bednar et al., 2002a; Bednar et al., 2004; Ronkart et al., 2007) , rainwater and pore water (Huang and Ilgen, 2004) . The severe health implications of high arsenic intake reported in West Bengal, Bangladesh, Taiwan and Inner Mongolia (Smedley et al., 2005) were mainly attributable to the high levels of inorganic arsenic in well water. Owing to the toxicity differences between arsenic species (As III > As V > MA > DMA) (Francesconi and Kuehnelt, 2004 ) the speciation of arsenic is essential to improve the understanding of health implications and design processes to reduce the levels of arsenic present in drinking water.
The quantification of trace element species is a difficult task since trace elements are often present at low concentrations relative to the detection limits of analytical instrumentation. A number of methods have been employed and summarised in reviews of the scientific literature for arsenic speciation, such as spectroscopy, chromatography and electrochemical methods (Camel, 2003; Francesconi and Kuenhelt, 2004; Gonzalvez et al., 2009; Jain and Ali, 2000) . Inductively coupled plasma mass spectrometry (ICP-MS) is often the favoured method for arsenic determination owing to its sensitivity and ability to couple to high performance liquid chromatography (HPLC) for the separation and measurement of arsenic species.
As III , As V , MA and DMA can be measured routinely in solutions at low concentrations typically, low or sub-g l -1 (Le et al., 1994; Feldmann et al., 1999; Polya et al., 2003; Watts et al., 2008; Button et al., 2009 ).
Changes in the distribution of arsenic species may occur rapidly after sampling, during storage and transport from the field to the laboratory, which would result in questionable speciation data (Hall et al., 1999) . For example, changes in sample Eh or pH can precipitate Al, Fe and Mn oxyhydroxides that adsorb arsenic species (Garbarino et al., 2002) . Interconversion of As III and As V in water samples was noted by Le et al. (2000) and reported to be matrix dependent. Many studies have found that As V , MA and DMA in surface waters are stable at below 4ºC in the dark for between one day and several weeks depending on the water type, pH and matrix components. Species instability occurs mainly for As III , which is readily oxidised to As V under certain conditions (Francesconi and Kuehnelt, 2004) . Hydrochloric acid (HCl) has been used for the preservation of As III , with As V calculated from the subtraction of As III from total measurement. However, iron rich waters present a problem for arsenic species stability, since the ferric(oxyhydr)oxide phases that form from Fe(II) oxidation and Fe(III) hydrolysis can sorb arsenic from solution, changing the total concentration and likely the species distribution. The arsenic species can sorb to iron precipitates formed in unpreserved samples. Although McCleskey et al. (2004) have shown that HCl is an effective preservative for inorganic arsenic, acting as a biocide and inhibiting Fe(II) oxidation and Fe(III) hydrolysis, these findings are in contradiction to the work of Borho and Wilderer (1997) . In addition, as with many other methods, this approach does not account for the presence of organoarsenicals.
A number of procedures have been proposed to preserve the arsenic species in their 'natural' distribution. The addition of ethylenediaminetetraacetic acid (EDTA) (Bednar et al., 2002b; Huang and Ilgen, 2004) or phosphoric acid (Daus et al., 2002) to water samples has been used to minimise metal oxyhydroxide precipitation of arsenic species with Al, Fe and Mn. Gong et al. (2002) (Feldmann et al., 1999; Hall et al.; , McCleskey et al., 2004 . Gomez-Ariza et al. (2000) reviewed methods for arsenic species preservation, including freezing, cooling, acidification, addition of ascorbic acid and storage in the dark. There is generally no agreement in the literature on these procedures for on-site sample collection for laboratory speciation analysis, owing to the complexity and site-specific differences between water matrices (Leermakers et al., 2006) .
Simple and inexpensive field kits have often been used to determine total arsenic rather than arsenic species, through the reduction of As III and As V to arsine gas (AsH 3 ) by Zn and HCl in a reaction vial (Kinniburgh and Kosmus, 2002) . Generated arsine gas results in a colour change of a test strip containing mercuric bromide. for drinking water (Pande et al., 2001 ). Poor correlation between field kits employing arsine generation and laboratory-based measurements of 'total' arsenic are reportedly common (Hussam et al., 1999; Rahman et al., 2002; Arora et al., 2009 ). This method presents health and safety risks to the operator from the generation of arsine gas, of which up to 50 % can escape from reaction cells (Hussam et al., 1999) , handling of HCl in the field and resultant mercury solid wastes (Melamed, 2004) or oxalic acid when used for arsine generation (Baghel et al., 2007) . Hydrochloric acid can be replaced with sulfamic acid for safer generation of arsine gas, whilst lead acetate filters are employed to reduce inherent sulphide interference prior to hydride generation (Cherukuri and Anjaneyulu, 2005) . . This approach assumed that no organic species were present in the water sample. Colloidal arsenic also provided a potentially false high result for As III . Miller et al., (2000) also used a modified Ficklin method whereby samples were acidified with 0.12 M HCl and passed through an anion exchange resin (BioRad X-8, hydroxide form). Miller et al. (2000) demonstrated that particulate arsenic eluted from the resin with As III , providing a false positive result. Therefore, a method was needed to separate and account for the organic species. Bednar et al. (2002b; and Garbarino et al. (2002) utilised anion exchange cartridges (Supelco, acetate form) by firstly preserving the water samples with EDTA and passing a known volume through the cartridges to successfully separate As III and As V species. Good comparisons were made for water samples analysed by field and laboratory methods, although neither of these studies could use the field speciation method if DMA or MA were present in the sample, since DMA and MA were retained on the cartridge with As V and required further separation. Le et al. (2000) solved this problem by using a resin-based cation exchange cartridge (Alltech) and an anion exchange cartridge (Supelco) in tandem to separate As The use of solid phase extraction (SPE) ion exchange cartridges to overcome changes in the distribution of arsenic species after water sampling has been the focus of this study, particularly with respect to the geographical location of sampling sites in Argentina, where access to rapid and sensitive analyses was limited. A repetitive and safe method was required that could be used routinely in the field to immediately preserve arsenic species data and maintain the integrity of collected water samples until they could be returned to the UK for analysis.
Study Sites

Devon Great Consols, UK
The Devon Great Consols (DGC) is one of many former mining sites in South West England and is situated on the north east bank of the River Tamar in the Tavistock District of Devon (UK national grid reference SX: 426 735) ( Figure 1a ). Sites DGC 1 to 5 were collected along a stream from the north / topographic highpoint of the site (DGC 1) prior to it passing through arsenic sands (tailings) and DGC 2 to 5 through a series of ponds known locally as the 'arsenic ponds', before outflow into the River Tamar. DGC 6 to 9 were from drainage ditches at the south / topographical low-point of the site, intended to channel run-off from the main deposit of arsenic sands. DGC 10 was the outflow of algal rich water from an adit under the arsenic sands. DGC 11 and 12 were from pools of water on the surface of the main arsenic sand deposit. DGC 14 was collected from a drainage channel in pine woodland, with input from the adit outflow. DGC 13 and 15 were downstream of acid mine drainage (AMD) mixed into a stream entering the north / topographical high-point of the site and covered by mixed woodland. DGC was an ideal location for testing the field method since it had been studied extensively with respect to elemental composition of environmental samples and estimation of bioaccessibility. Arsenic concentrations in soils found in and around the mine varied significantly depending on their proximity to the main tailings, ranging from 249 to 34,000 mg kg -1 (Langdon et al., 2003; Klinck et al., 2005) . Klinck et al. (2005) ) in residential areas around the mine site, causing potential concern for human health.
Argentina, South America
The town of Ingeniero Luiggi (LU) (long. 64º28'60W, lat. 35º25'0S) situated in the north east of La Pampa Province in central Argentina provided a comparative test site for this study (Figures 1b & c) . The region experiences semi-arid conditions with a temperate climate, with rainfall between 500 and 700 mm per year (Michelena and Irurtia, 1995) . Naturally occurring high levels of arsenic have been reported in groundwaters in excess of 5300 µg l -1 (Smedley et al., 2005) . Due to the lack of surface waters in north east La Pampa, groundwater sources are regularly used by the rural population for drinking, domestic and agricultural uses. Although groundwater is treated in Ingeniero Luiggi by reverse osmosis; it is sold in plastic containers rather than piped to households. Many properties, particularly remote farmsteads rely on the groundwater abstracted from boreholes without prior treatment. The untreated water was the focus of this study from town supply boreholes located in rural areas (LU 1 to 8) and rural farmsteads using private drinking supplies (LU 9 and 10), within 10 km of the town centre. The human health status of the rural communities in Argentina indicated typical arsenic poisoning related conditions, such as skin lesions, pigmentation changes and various forms of cancer.
Materials and Methods
Standards and Reagents
All chemicals were analytical reagent grade, with aqueous solutions prepared using deionised water (18.2 MΩ, Millipore, UK). Water samples (30 ml) were filtered (0.45 μm, Millex, UK) and preserved with HNO 3 (BDH Aristar, UK) for total arsenic measurement. Commercial standards for As 
Methodology
Preconditioning of the ion exchange cartridges was carried out in order to promote the adsorption of the arsenic species onto the appropriate SPE cartridges. Conditioning of the resin based strong cation exchange (SCX) cartridge used 15 ml of 50 % methanol followed by 15 ml of 1 M phosphoric acid and 5 ml of deionised water (18.2 M).
The strong anion exchange (SAX) cartridge was preconditioned with 15 ml of 50 % methanol and 5 ml of deionised water. The flow rate used for preconditioning and loading of sample solution onto the cartridges was approximately 3 to 5 ml min -1 . Following preconditioning, the cartridges were assembled as shown in Figure 2 and a measured volume of water sample (typically 20 to 30 ml) was passed through a 0.45 µm filter into a SCX cartridge connected in series to an SAX cartridge. The filter removed particulate arsenic, which has been reported to provide a false positive result for As III (Edwards et al., 1998; Impelliterri, 2004) . The SCX cartridge retained DMA, followed by the SAX cartridge, which retained As Instrumental conditions for total analysis by ICP-MS and arsenic speciation by HPLC-ICP-MS are described in Watts et al. (2007; and Button et al. (2009) .
Results and Discussion
Development of SPE methodology
Bond Elut SAX and SCX ion exchange cartridges (Varian, UK) were used for the separation of arsenic species (As III , As V , MA, DMA) onto a solid phase. Bond Elut supplied SPE cartridges (Junior 500 mg) for direct attachment to syringe filters, which aided the separation under field conditions. Fractions collected for each arsenic species were subsequently checked by HPLC-ICP-MS (Watts et al., 2007; to confirm that individual species were present only in the expected fraction and that coelution had not occurred. Synthetic solutions containing 10 µg l of each arsenic species) with 30 ml of this solution passed through the SPE. A 30 ml volume of solution was considered the maximum to syringe through the SPE. This was mainly due to the practicalities in the field of the physical effort and time required to push 30 ml of solution through the SPEs, but also to avoid saturating the SPEs in high matrix containing waters. A 30 ml fraction of sample provided a 6-fold preconcentration (3-fold after dilution for total analysis) for The performance of the SPE cartridges was also tested using common matrix components found in water samples that challenged the ion exchange efficiency of the cartridges. These analytes were prepared as synthetic solutions with concentrations comparable to the elevated levels measured at the DGC site (Table 1) ), showed markedly reduced levels for MA (3 to 40 %) and significantly increased levels for As III (134 to 167 %), but overall, the sum of all of the arsenic species gave total recoveries of 96 to 102 %, with altered distribution of arsenic species. Whilst knowledge of the matrix components is useful for interpreting the arsenic speciation data, it proved difficult to measure these components in the field in order to counter the problem of high matrix components prior to SPE separation / loading of the water sample. Therefore, the conductivity of each component and a mixed matrix solution was measured to define a limit for conductivity measurements. This provided an indication that if the conductivity of water samples measured in the field exceeded 1500 µS cm -1 , then the water sample would require dilution with deionised water prior to passing the sample through the SPE to reduce the impact of matrix components on arsenic species recoveries, mainly through saturation of ion-exchange sites. Garbarino et al. (2002) recommended a dilution of x10 or more for samples with excessively high conductivity values to avoid interference from competing anions and cations. In practice, water samples with high conductivity values were diluted x2 prior to passing the sample through the SPE cartridges and x10 where conductivities were > 3999 µS cm -1 for sites DGC 11, DGC 15, LU 6, LU 9 and LU 10 ( Table 2) .
Devon Great Consols, UK
Total arsenic concentrations measured in surface waters at the DGC site varied significantly depending on their proximity to the main tailings and in-flow of AMD.
The total arsenic concentrations in filtered and acidified waters from the Devon Great Consols (DGC) were in the range 11 to 4592 µg l -1 , well above the 10 µg l -1 recommended guideline for drinking water (WHO, 1993) . Water samples were in general, slightly acidic at pH 3.5 to 7.1 (Table 2) .
Anionic components were measured at concentrations of < 25 mg l ).
Arsenic speciation using the SPE cartridges provided good accuracy (sum of arsenic species) compared to the total arsenic measurements ( Table 2 ). The mean accuracy was 101 ± 16 %. Table 2 shows that DMA and MA were present not just as minor constituents, but represented a significant proportion of the arsenic speciated for many of the water samples at the DGC site. MA and DMA accounted for 7 to 49 % and 10 to 42 %, respectively, of the speciated arsenic. Many of the water sampling sites at the DGC were in close proximity to woodland areas, suggesting that a high level of organic content may be present in these samples or microbial activity may result in biotransformation of arsenic. The highest collective levels of DMA and MA were reported at DGC 1, 11, and 12. These three locations were contained within the more sandy surroundings of the acid mine tailings; however, algae was abundant along the watercourse, which may have contributed to the higher than expected levels of organic arsenic species. No other arsenic species were measured in DGC 1, 11 and 12
by HPLC-ICP-MS despite the presence of algae. Good comparative data were obtained by HPLC-ICP-MS for arsenic species (Table 3) , with a correlation of 0.999 (P < 0.01) for the sum of species, greater than 0.999 for As , respectively. Arsenic species measured in these waters (Table 2) 
